In the gastrointestinal tract, mucus forms an abundant and continuous layer that lines the apical surface of intestinal epithelial cells. This mucus is predominantly produced and secreted by epithelial goblet cells, and serves several protective and lubricative functions during digestion and peristalsis. Being permeable only to low molecular weight molecules such as nutrients, mucus also limits the exposure of the intestinal mucosa to potential parasitic, bacterial, and viral pathogens in the gut lumen. These physical properties of mucus can be largely attributed to its mucin composition (1, 2) . These high molecular weight and heavily glycosylated O-linked glycoproteins impart a profound viscoelasticity and density to mucus, although the exact functions of specific mucins remain to be determined.
To date, eight different mucin genes (MUC1, MUC2, MUC3, MUC4, MUC5AC, MUC5B, MUC6, and MUC7) have been identified and well characterized (3, 4) . All mucin genes share common features, including tandemly repeated sequences flanked by nonrepeat regions. Tandem repeat units vary in length from eight amino acid residues in MUC5AC to 169 amino acid residues in MUC6. Several mouse (Muc1-4, Muc5ac, Muc5b, and Muc7) and rat (rMuc1-4, rMuc5ac, and rMuc7) homologues to human mucin genes have also been cloned. Interestingly, although they show a high sequence similarity with their human homologues in their nonrepetitive and promoter regions, tandem repeats differ significantly in sequence and size (3, 5, 6) .
Expression of human mucin genes has been shown to be tissue and cell specific. Individual or a co-ordinated expression of individual members of the mucin gene family are associated or contribute directly to cellular function [e.g. MUC1 and MUC4 promote and inhibit cell adhesion, respectively (7) (8) (9) ], tumorigenesis [e.g. aberrant expression of MUC5AC in colorectal adenomas (10, 11) ], and embryogenesis. In the latter example, distinct developmental mucin gene expression profiles are observed for human fetal lung, stomach and intestine that may contribute to tissue specific ontogenesis (12) (13) (14) (15) (16) . In the developing respiratory tract, MUC5AC, MUC5B, and MUC7 are strongly expressed with MUC1, MUC2, and MUC4 during periods of glandular and alveolar epithelial cytodifferentiation (13-27 wk of gestation) (15) . Similarly, MUC5AC and MUC6 are strongly expressed with MUC1 and MUC4 in embryonic and fetal stomach (8 -27 wk of gestation) (16) .
In contrast to mucin gene expression in the human fetal respiratory tract and stomach, intestinal ontogenesis is predominantly associated with the expression of MUC2, MUC3, MUC4, and MUC5AC genes. These genes, except for MUC3, are all differentially expressed in fetal as compared with normal adult gut (12) (13) (14) . The extent of this differential expression is directly dependent on the stage of development inasmuch as normal adult mucin gene expression profiles are apparent in fetal intestine at 26 -27 wk of gestation. For example, MUC2 gene expression in adult bowel is primarily restricted to the perinuclear region of villus and crypt goblet cells. However, up to 23 wk of gestation, fetal MUC2 expression is located predominantly within the immature crypts of Lieberkühn, with little or no expression in villus goblet cells (12) (13) (14) . In adult bowel, moderate MUC4 expression is only consistently found in colonic epithelial cells, whereas a homogeneous signal is detected throughout the fetal small and large bowel up to approximately 15 wk of gestation (13, 14) . MUC5AC is moderately expressed in fetal intestine up to 12 wk of gestation, whereas it is never detected in adult bowel unless this shows early stages of neoplasia (10, 14, 17) .
The study of mucin gene expression is complicated not only by the fact that many of these genes are human specific, but they are also expressed in a tissue-and developmental-specific fashion. The present work describes the developmental expression of eight mucin genes in human fetal small intestine xenotransplanted subcutaneously into scid mice. This approach has previously been used to study human-specific developmental regulation of epithelial proliferation and cytodifferentiation (18 -21) . These studies demonstrated that ectopic grafting of different regions of human fetal intestine for 10 wk or longer promoted appropriate tissue development in the absence of conventional lumenal and/or systemic stimuli that are normally present in utero. Epithelial goblet cells differentiate normally in this model and are especially abundant in ileal and colonicderived xenografts, where they produce large quantities of mucus (20, 21) . It is not know at this stage, however, whether mucin gene expression is appropriately regulated in the absence of luminal stimuli present in amniotic fluid, as well as from gastrointestinal, pancreatic, and bile secretions.
Using in situ hybridization, we demonstrated that the pattern of mucin gene expression in early second trimester fetal ileum develops appropriately when transplanted as xenografts into scid mice for 10 wk. At this stage, mucin gene expression correlated well with that observed in human fetuses of 23-26 wk of gestation to an adult hybridization pattern and as such reaffirms the suitability of this model system to study human gastrointestinal developmental regulation. In addition, these findings now allow in vivo studies designed to examine the role of human mucins in wound healing and in host-pathogen interactions, as well as testing the biologic effects that antimicrobial and probiotic agents have in inhibiting the binding of pathogens to intestinal mucins and thereby preventing their attachment to human intestinal epithelial cells. (22) . Before transplantation, fetal tissues were washed twice in ice-cold serum-free Dulbecco's Modified Eagle's Medium and xenotransplanted into scid mice as described previously (20) . Briefly, intact segments of fetal intestine (2-3 cm lengths) were transplanted subcutaneously onto the back of 6-to 8-wk-old female and male mice maintained in negative pressure isolators supplied with HEPA filters. Mice had access to sterilized food (Labsure, K&K Greef Ltd., Croyden, UK) and water ad libitum. Intestinal xenografts were harvested after 10 wk and were compared with results obtained from pretransplanted fetal and histologically normal fetal, pediatric, or adult biopsy samples obtained from routine investigative procedures with fully informed consent and local ethical committee approval. Additional samples were obtained from fetuses after spontaneous (10.5 wk of gestation, male, without malformation) or therapeutic abortion (12 wk of gestation, male, maternal pathology; 23 wk of gestation, male, trisomy 21; 26 wk of gestation, male, hydrencephaly (lissencephaly of Walker-Warburg type). This material was used in a previous study (14) and served in the present study as control. As adult controls, ileal biopsy specimens were taken from four patients (three females, one male; mean age, 35 y, range, 18 -50 y) who underwent endoscopy for irritable bowel disease. No endoscopic lesions were found in these patients.
METHODS

Materials
For routine morphologic analysis and in situ hybridization, tissues were fixed in 10% phosphate-buffered formal saline (pH 7.2) for 24 h and embedded in paraffin using routine procedures. Sections (3 m thick) were stained with hematoxylin and eosin (H&E) or periodic acid Schiff's (PAS) stain, or were processed for in situ hybridization. For ultrastructural studies of goblet cells in xenograft intestine, tissues were fixed in 4% phosphate-buffered (pH 7.2) glutaraldehyde and processed for electron microscopy using conventional methods.
In situ hybridization. In situ hybridization was performed using eight 35 S-labeled human-specific oligonucleotide probes corresponding to each tandem repeat domain of MUC1, MUC2, MUC3, MUC4, MUC5AC, MUC5B, MUC6, and MUC7. Oligonucleotide sequences and details of the hybridization steps have been described previously (15, 23) . Briefly, sections of small intestine were deparaffinized, rehydrated, and treated with proteinase K (2 g/mL; Roche Molecular Biochemicals, Meylan, France) for 15 min at room temperature. Sections were then fixed with phosphate-buffered 4% paraformaldehyde (pH 7.2) for 15 min before incubating for 10 min with 0.1 M triethanolamine containing 0.25% acetic anhydride. Sections were prehybridized for 45 min in 4ϫ SSPE (standard sodium phosphate EDTA) and 1ϫ Denhardt's buffer, and hybridized overnight at 42°C in 4ϫ SSPE containing 50% formamide (vol/vol), 0.1% N-lauroylsarcosine (wt/v) (Amersham, Les Ulis, France), 1.2 M sodium phosphate (pH 7.2), 1ϫ Denhardt's buffer, 3 mg/mL yeast tRNA, 20 mM DTT, and 7.5 ϫ 10 3 dpm/L 35 S-labeled oligonucleotide. After posthybridization washes, slides were developed for autoradiography using LM-1 emulsion (Amersham), developed after 2-3 wk at 4°C, and counterstained with methyl green pyronin. Xenograft, fetal, pediatric, and adult sections were treated simultaneously to exclude possible variations between specimens. As controls, sections were either pretreated with 50 g/mL RNAse A (Roche Molecular Biochemicals) or treated with an excess of unlabeled probe.
RESULTS
We have previously described that human fetal intestine undergoes a rapid and region-specific differentiation when transplanted ectopically into scid mice (20, 21) . Tissue regeneration after angiogenesis of the xenografts is associated with the formation and expansion of a de novo epithelial barrier derived from epithelial stem cells that survive the initial ischemic tissue insult. This epithelialization process is initially devoid of goblet cells. However, as the xenograft mucosa develops, the commitment of epithelial cytodifferentiation to the goblet cell lineage becomes increasingly abundant (Fig. 1,  A-C) . Goblet cell differentiation is induced approximately 3-fold as compared with pretransplanted fetal intestine as determined by PAS (Fig. 1, A, E and G) or alcian blue staining (Fig. 1F) . Ultrastructural analysis demonstrated goblet cell maturity with large numbers of homogenous mucous granules (Fig. 1D ) that are discharged into the xenograft lumen after infection of the xenografts with, for example, Salmonella typhimurium (21) .
Mucin gene expression in fetal and adult intestinal tissues differ greatly, and to study the role that human mucins may play in wound healing and in host-pathogen interactions there is a requirement that the intestinal xenografts develop an appropriate pattern of mucin gene expression. We demonstrate here that appropriate developmental patterns in mucin gene expression are indeed recorded after xenotransplantation of human fetal intestine into ectopic sites.
MUC2 gene expression. In pretransplanted fetal intestine, strong hybridization with the MUC2 probe was primarily recorded within the immature crypts of Lieberkühn (Fig. 2, A  and B) . Hybridization was also occasionally observed in individual scattered cells within the villous compartment. Ileal xenografts also showed a similar strong hybridization with the MUC2 probe, although the pattern varied from that observed in approximately 18-wk-old gestational age fetal intestine to adult bowel (Fig. 2, B and C) . In grafts where villi were still developing, MUC2 gene expression was primarily confined to the crypt region (Fig. 2, D and E) . In developed grafts with well-formed villi, MUC2 mRNA demonstrated an adult-like pattern ( Fig. 2C) with hybridization confined to goblet cells on villi and in crypts (Fig. 2F) . The fetal type of hybridization pattern was most often observed in samples where villi were shorted and enlarged, with a visibly reduced villus to crypt ratio. Although all samples were derived from fetal ileum, this possibly suggests a more distal intestinal region and consequently a less differentiated intestine due to the cephalocaudal direction of cytodifferentiation that occurs during human gastrointestinal ontogenesis. Of the 15 xenograft intestinal samples analyzed, three demonstrated a fetal hybridization pattern (Ͻ23 wk of gestation), four demonstrated a fetal hybridization pattern similar to that recorded around 23 wk of gestation, and eight a mixed 23-wk to adult hybridization pattern.
MUC3 gene expression. The MUC3 anti-sense probe hybridized less intensely to the xenograft epithelium than the MUC2 probe. As was observed in fetal, pediatric, and adult bowel, hybridization with the MUC3 probe was largely absent in the crypt epithelium but homogenous labeling was recorded in the villous compartment in both enterocytes and in goblet cells, as is observed in adult bowel (Fig. 3, A-C) . Hybridization was detected in all 15 xenograft samples examined and the pattern did not change with the developmental stage.
MUC4 gene expression. Hybridization with the MUC4 probe was highly variable in the xenograft specimens, labeling only four of the 15 samples, whereas hybridization was recorded in seven of 11 fetal intestinal samples analyzed (Fig. 3D) . In the xenograft specimens, weak labeling was observed in the crypt and villous compartment (Fig. 3, E and F) . A similar hybridization pattern was observed in fetal, pediatric, and adult ileum, as reported previously (14) .
MUC5AC gene expression.
MUC5AC mRNA were not detected in any of the xenograft, pediatric, or adult specimens examined. By contrast, hybridization was observed in younger fetuses aged between 10 and 12 wk of gestation (Fig. 3, G and  H) , as reported previously (14) .
Developmental-stage-specific mucin gene expression. Comparison of the hybridization patterns observed with the MUC2, MUC3, MUC4, and MUC5AC probes in xenograft intestine demonstrated that mucin gene expression in xenograft intestine correlated well with that of human fetuses 23 to 26 wk of gestation, because MUC5AC was never detected in xenografts and MUC2 displayed a late fetal or adult-type hybridization pattern. These findings demonstrate that MUC2 and MUC5AC are the most appropriate genes to assess whether the mucosa is well differentiated. These findings also demonstrate that there is not an aberrant expression of MUC3 and MUC4 genes in xenograft intestine. However, it is difficult to use these genes as developmental stage-specific markers because the distribution of MUC3 mRNA does not change irrespective of the developmental stage. Although MUC4 mRNA are found more frequently in young fetuses, MUC4 mRNA are occasionally detected in older fetuses and in adult ileum.
MUC1, MUC5B, MUC6, and MUC7 gene expression. The expression of these genes was not observed in either fetal, xenograft, pediatric, or adult intestine. These probes have previously been demonstrated to hybridize to embryonic and fetal stomach (MUC1, MUC5B, and MUC6) (16) , and lung (MUC1, MUC5B, and MUC7) (15) , thereby indicating that the expression of these transcripts in xenografted human fetal intestine is either absent or too low to be detected by in situ hybridization. 
XENOGRAFT MUCIN GENE EXPRESSION
DISCUSSION
A number of studies have demonstrated that the composition and spatio-temporal regulation of mucin gene expression in human fetal intestine differs drastically to that in adults. These investigations have unilaterally shown a differential expression of MUC2, MUC4, and MUC5AC genes during the first two trimesters (12) (13) (14) . One interpretation of these findings has been that this altered gene expression promotes appropriate intestinal ontogenesis. These suggestions are supported, to some extent, by the aberrant expression of MUC5AC and MUC6, and the over-expression of MUC2 mRNA during tumorigenesis (10, 11) . However, analysis of human gastrointestinal mucin gene expression and its dysregulation in disease states, e.g. neoplasia or chronic inflammation, has to date been restricted to examining patient biopsies that present a static view of events occurring fairly late after the onset of pathology. It is difficult to gain meaningful insights from these types of studies, into possible promoters and trans-acting factors that regulate and/or direct mucin gene expression to appropriate cell lineages within the intestinal mucosa. In addition, use of adenocarcinoma-derived cell lines to study mucin gene expression and function are likely to reflect oncofetal characteristics, and extrapolation of such information back to the adult gastrointestinal tract may be misleading. Hence, we examined the developmental expression profiles for eight mucin genes after ectopic xenotransplantation of human fetal ileum into immunodeficient host scid mice for 10 wk. Appropriate developmental regulation of mucin genes in this model system will permit future studies aimed at characterizing cis/trans-acting factors and pathways that regulate mucin gene expression and study mucus function in children and adults.
We have demonstrated previously that epithelial cell proliferation and brush border hydrolase activity is regulated in an appropriate developmental fashion in this model system. For example, ectopic grafting of fetal jejunum closely recapitulated the development of these enzymes in utero, with alkaline phosphatase, aminopeptidase-N, ␣-glucosidase, and dipeptidyl peptidase IV enzyme activities closely matching the spatiotemporal distribution and levels recorded in pediatric duodenal biopsies (24) . Lactase-phlorizin hydrolase activity was the only enzyme that failed to reach pediatric values, although activities were comparable to late-gestational-age human fetal bowel. The present work demonstrates that MUC2, MUC3, and MUC4 develop a late fetal or adult pattern of gene expression in human fetal ileal xenografts, and that MUC5AC, normally expressed in fetal intestine during the first and early second trimester, is appropriately switched off during xenograft development. As described previously for fetal and adult ileum (14, 17) MUC5B, MUC6, and MUC7 gene expression was not identified using in situ hybridization, thereby indicating that these genes are appropriately regulated after ectopic grafting of human fetal intestine. 
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To our knowledge, this is the first study to recapitulate the developmental profile of human intestinal mucin gene expression using a chimeric experimental animal model system. As the grafts are transplanted into adult host mice, xenograft development occurs in the absence of systemic hormonal influences associated with pregnancy, or luminal signals from amniotic fluid, pancreatic and bile secretions, and the gut microflora. Intestinal mucin gene expression therefore develops appropriately in the absence of these trans-acting signals. Taken together, these results reaffirm the suitability of the xenograft model to study molecular and cellular mechanisms that regulate human intestinal development and maturation.
There is also great potential to use this model system to investigate epithelial renewal in adults under normal conditions, as well as during intestinal wound healing and restitution. Such studies should bring new insights into regulatory factors that are involved in mucosal adaptation to injury and epithelial restitution, including a potential role of the various members of the mucin glycoprotein family. Interestingly, gastrointestinal mucins associated with trefoil factors facilitate restitution of wounded epithelial monolayers (25) . Moreover, intestinal mucin glycoproteins act as an important host-defense by binding of pathogenic microorganisms, thus preventing their attachment to epithelial cells and subsequent cytolysis (2) . However, mucin glycoproteins can also serve as receptors for a wide range of pathogens that colonize the mucus barrier and epithelial cells. Indeed, numerous enteropathogenic microorganisms, including bacteria (e.g. Shigella sp., Salmonella sp., Yersinia enterocolitica, certain strains of Escherichia coli), viruses (rotaviruses), and parasites (Entamoeba histolytica) have been shown to interact with intestinal mucins (26 -31) . Intestinal mucins of various species, however, may not contain the same binding sites despite of considerable similarity in their overall chemical composition and physical structures. For example, Shigella binds specifically to human colonic mucin and not to rat colonic mucin (31) . Studies with other diarrheacausing organisms, such as Y. enterocolitica, have provided similar results with greater binding to human intestinal mucins when compared with various mammalian intestinal mucins (32) . Thus, animal models are limited in their usefulness to investigate pathogen-host interactions, as appropriate mucin gene expression may directly contribute to the host-restricted enterocolitis that is evident in human intestinal xenografts that are infected with Salmonella typhi (33) (34) (35) (36) , Entamoeba histolytica (37, 38) , Cryptosporidium parvum (39, 40) , and Helicobacter pylori (41) .
Whereas the submucosa and the lamina propria are comprised of a chimeric mixture, the intestinal xenograft epithelium and neighboring intraepithelial lymphocytes, muscularis mucosa, and externa have been shown to be exclusively of a human origin. Several mouse homologues to human mucin genes have been cloned. Although they show a high sequence similarity with their human homologue in their amino-and carboxy-terminal regions, tandem repeats seem to be specific for each specific mucin and show little interspecies conservation (3, 5, 6) . For the in situ hybridization studies, we used oligonucleotide probes corresponding to each tandem repeat domain of the human mucin genes. The positive hybridization signals observed with these specific MUC probes demonstrates the human origin of mucins reconfirming the human origin of the xenograft epithelium. The xenograft model therefore constitutes a suitable model for studying pathogen-mucin interactions and their role in mucosal defense or colonization. Interestingly, more specifically, MUC2 and MUC3 intestinal mucins have been shown to be capable of inhibiting enteropathogen adherence to intestinal epithelial cells in vitro (42) . Moreover, probiotic agents (Lactobacillus sp.) increase MUC2 and MUC3 mRNA levels in vitro (42) . Thus, determination of the factors responsible for the modulation of mucin expression may be of great therapeutic interest.
